1. Spatial refuges in peripheral habitats will become increasingly important for 19 species persistence as climate change and other disturbances increasingly 20 impact habitat quality and assembalge compositions. However, the capacity for 21 persistence will be determined in part by species-specific abilities to absorb 22 costs related to altered or decreased quantities and quality of resources at range 23 peripheries. 24 also be supported indirectly at range margins via trophic plasticity within their 49 preferred prey. 50 51 Introduction: 52 Asymmetric habitat declines and range shifts related to rapid environmental change 53 will result in an increasingly larger proportion of species' populations living at current 54 range margins (Thomas et al. 2004, Harris and Pimm 2008, Angert et al. 2011). As 55 environments change, species with viable populations at range margins may 56 demonstrate greater resilience and long-term persistence (i.e. a refuge effect) (Keppel 57 et al. 2012, Reside et al. 2014). However, range peripheries are commonly associated 58 with natural reductions in the quantity and quality of resources (Brown 1984, Thomas 59 and Kunin 1999) that often result in costs to consumers (Zammuto and Millar 1985, 60 Badyaev and Ghalambor 2001). Consequently, understanding potential tradeoffs and 61 compensatory mechanisms of energy acquisition at range peripheries will be vital for 62 predicting future trajectories of species vulnerable to extirpation and extinction. 63 64
2. We compare variations in dietary strategies and energy acquisition tradeoffs 25 along depth gradients in two obligate corallivores that differ in level of diet 26 specialization. We also assess depth-related changes in energy pathways and 27 energy content of their mixotrophic prey. We found no changes in feeding effort 28 or total resource availability (total coral cover) toward deep range margins, but 29 availability of the preferred resource (Acropora coral) decreased. While both 30 species selectively targeted Acropora, the more specialized species (Chaetodon 31 baronessa) exhibited limited feeding plasticity along the depth gradient. The 32 degree of selectivity toward the preferred coral increased rather than decreased 33 with depth, being 40 times greater than expected, given availability, at their 34 range periphery. In contrast, the generalist's diet (C. octofasciatus) varied 35 greatly in response to changes in resource availability with depth. 36 3. Unexpectedly, the energy content of Acropora did not decline with depth, likely 37 due to increased coral heterotrophy in deeper water, indicated by shifts in their 38 molecular isotope geochemistry. This shift was accompanied by a 20 % increase 39 in plankton-sourced carbon in the muscle tissue of deep-resident fish, despite 40 no observations of direct feeding on plankton food sources. 41 4. Our results indicate that deep ranges in coral-obligate reef fishes are supported 42 by multiple mechanisms of trophic versatility in both the fish and corals. This 43 nutritional plasticity likely serves a compensatory role in the resilience and 44 eventual adaptation of organisms at their range peripheries. 45 5. For species vulnerable to increasing anthropogenic impacts at range cores, 46 variable and multi-trophic functional responses can act to buffer against costs 47 and increase the refuge potential of range peripheries. Specialist consumers may 48 butterflies (Pellissier et al. 2012 , Rasmann et al. 2014 ). Comparisons of dietary 74 strategies and tradeoffs at range peripheries among species with differential 75 specialization can therefore provide insight into the ecological mechanisms that drive 76 broad distributions and refuge potential at range margins. 77 78 Natural environmental gradients provide ideal systems for testing hypotheses regarding 79 the functional response of species to environmental variation (Keppel et al. 2012, 80 Goldstein et al. 2016 ). Reduced energy acquisition at range margins can occur due to 81 declines in either the availability or quality (e.g. decreased nutrients or energy 82 availability) of preferred resources (Thomas and Kunin 1999) . Generalists often exhibit 83 flexible phenotypic responses to prevailing environmental conditions or declining 84 resources in suboptimal and variable conditions, conferring advantages over inflexible 85 specialists (Sol et al. 2002) . Therefore, where distribution, resource availability, and 86 disturbance gradients intersect, specialists are theoretically more vulnerable to decline 87 due to the dual pressures of habitat disturbance at the range core and resource limitation 88 at the range periphery (Williams et al. 2008, Moritz and Agudo 2013) . 89 90 Functional strategies are not always consistent across environmental gradients (Chevin 91 and Lande 2011, Goldstein et al. 2017 ). Even species exhibiting high specialization at 92 the range core may demonstrate greater flexibility at the range periphery. Decreased 93 dietary specialization at range margins may facilitate greater resistance to population 94 decline than predicted from observations at the range core (Kawecki 2008 ). However, 95 investigations of compensatory dietary strategies at range peripheries are rare, 96 particularly among specialized taxa considered vulnerable to habitat degradation and 97 loss of preferred food sources. fishes, offer an ideal model group to assess dietary variation and plasticity responses to 109 environmental and resource gradients among contrasting functional strategies (Nowicki 110 et al. 2013 ). Butterflyfishes occupy a broad spectrum of dietary specialization on corals, 111 and their conspicuous feeding bouts enable observations of relative feeding effort on 112 different resources (Pratchett 2013). Coral-feeding specialists are vulnerable to 113 population declines following coral loss in shallow water, due to a lack of capacity to 114 shift to alternate resources , and their 115 population abundance iappears to be more skewed toward shallow water than coral-116 feeding generalists (MacDonald et al. 2016 Here, we examine whether flexibility in diets and/or feeding rates along a depth 130 gradient could facilitate broad depth distributions in obligate corallivores, and therefore 131 be a mechanism in mediating vulnerability to disturbance-induced population collapse. 132
We focus on two butterflyfish species with wide depth ranges but divergent ecological 133 niches and dietary breadths. Specifically we investigate whether: 1) total resource 134 quantity and feeding effort vary with depth; 2) changing resource composition along 135 the depth gradient results in dietary flexibility; 3) changes in resource availability result 136 in reduced feeding effort on, or selectivity for, preferred resources; and 4) corals in 137 deeper water exhibit compensatory mechanisms of energy provision that may be 138 transferred to coral consumers at the deep range periphery. 139 140 141
Methods: 142

Study site and species 143
The study was done in Kimbe Bay, Papua New Guinea between May and December, 144
The vertically continuous coral habitats along the entire depth gradient of Kimbe 145
Bay reefs present no physical barriers to species distributions, therefore depth 146 distributions of species are unlikely to be influenced by dispersal limitation. All 147 observations and samples were collected along the entire depth-gradient on all reefs. 148
We examined two butterflyfish species, C. baronessa and C. octofasciatus. Both are 149 obligate coral-feeders but have differing levels of dietary specialization (Pratchett 2013 
Feeding Observations 180
To assess patterns in feeding ecology, divers followed focal fish for 3 minutes at a 181 distance of ~ 2-3 m and recorded the total number of bites, and the minimum and 182 maximum depth of the observation period. We quantified overall feeding effort by 183 recording bite rates of individuals of both species (C. baronessa total n. obs. = 344, C. 184 octofasciatus total n. obs. = 107) pooled across all hard coral types on six reefs (see 185 suplemental figure S2). Within a subset of these observations (from random depths 186 between 0 and 30m on three reefs), we also recorded the number of bites targeted on 187 each of 37 coral genera (See supplemental Table S1) (C. baronessa n. obs = 276, C. 188 octofasciatus n. obs = 90). There was some replication among feeding observations 189 within known monogamous and territorial feeding pairs, resulting in possible pseudo-190 replication among this subset of observations, which was accounted for in our analyses 191 (See Data analysis below). There were no temporal patterns in sampling among depths. Table S2 ). In this study, we refer to "coral carbon" as the 252 internally-derived, zooxanthellic carbon source, distinct from the externally-derived 253 water column phytoplankton from heterotrophic feeding. To compare the essential 254 313 Acropora availability declined with depth throughout Kimbe Bay, declining by >50 % 314 from the shallowest 5 m (17.0 ± 1.9 SE %) to 30 m (8.3 ± 1.8 %) (z = -3.25, p = 0.006) 315 ( Fig.1a ). However, the availability of all potential coral food sources to coral-feeding 316 fishes (total hard-coral cover) was consistently high at all depths (F1,3 = 2.74, p = 0.20), 317 range: 49 -62 %) ( Fig. 1a ). Overall feeding rates on all hard coral types did not decline 318 with depth in either species. (C. baronessa, z = 0.64, p = 0.52; C. octofasciatus, z = 319 1.15, p = 0.25) ( Fig. 1 b,c) . Total hard coral cover on the focal reef was high throughout the gradient and increased 335 from 55 ± 2.1 % at 0 -5 m to a peak of 73 ± 2.4 % at 10 -15 m (t = 4.84, p < 0.001), 336 before declining to 39 ± 2.6 % at 25-30 m (t = -7.58, p < 0.001) ( Fig. 2a ). Acropora 337 cover declined monotonically (F5,674 = 10.91, p < 0.001) (Fig. 2b) , decreasing fourfold 338 from 22 ± 2.0 % at 0 -5 m to 5 ± 1.5 % at 25 -30m (t = -6.35, p < 0.001) (Fig 2a) . 339
Porites cover closely followed total hard coral cover, doubling from 15 ± 1.3 % cover 340 at 0 -5 m to 31 ± 2.6 % at 10 -15 m (t = 5.97, p < 0.001), then declining to 11 ± 1.1 % 341 at 25 -30 m (t = -6.25, p < 0.001). All other coral genera were less abundant and 342 showed variable patterns with depth (Fig 2a) . 343 344
Depth-related changes in corallivore diets 345
The dietary niche breadth of the shallow-specialist, C. baronessa, was narrow overall 346 and remained highly specialised along the gradient (Fig. 2 c,e ). Overal niche breadth 347 was 0.07, and the species fed on a total of 18 coral genera across the gradient. Niche 348 overlap among all depths was 0.95, and neither niche breadth (F1,4 = 0.467, p = 0.53) 349
nor the total number of dietary genera (F1,4 = 0.233, p = 0.65) increased with depth. 350
There was a small increasing trend in niche breadth between 5-10 m (0.01) and 20-25 351 m (0.09) (Fig 2e) . However, niche breadth was highest in the shallowest depth (Levins' breadth of utilized genera from 7 genera at 0-5 m to 25 genera at 25-30 m (F1,4 = 8.41, 359 p = 0.044, R 2 = 0.597) ( Fig. 2 d,f) . The dietary niche realized by the deep-generalist did 360 not increase significantly with increasing depth (F1,4 = 1.41, p = 0.30, R 2 = 0.597) ( Fig.  361   2f) . Instead, a general increase occurred between 5 m (0.12) and 30 m (0.26), but was 362 Proportional foraging was higher on Acropora than on any other coral genus for both 383 species and did not decrease uniformly with depth among either species (Fig. 2 c,d) . 384
However, some non-linear differences among depths were evident: C. baronessa fed 385 predominantly on Acropora (75 % of all bites) across all depths (Fig. 2c , Supplemental 386 Figure S3 ), but utilized the genus approximately 1.5 -2 times less in the shallowest 387 depth (0 -5 m, ~ 45% of bites), with no significant difference among depths > 5 m (all 388 comparisons, p > 0.10). Chaetodon octofasciatus took fewer bites from Acropora 389 overall (31 % of all bites) and fed on Acropora more than any other coral genera at 390 depths > 15 m ( Fig. 2 d, Supplemental Figure S3 ). Chaetodon octofasciatus did not 391 feed on Acropora at 0 -5 m and took a higher proportion of bites on Acropora at 15 -392 20 m (55 %) than at 5 -10 m (Tukey's; z = -2.90, p = 0.039), but not at other depths 393 (all comparisons, p > 0.10). 394
395
Overall, both species fed on Acropora colonies more than expected given Acropora 396 availability (Table 1, Fig. 2 g,h) . However, selective feeding increased with depth in 397 both species despite the decline in Acropora abundance. Acropora selection by C. 398 baronessa increased linearly between 0 -5 m (selectivity ratio = 2.77) and 20 -25 m 399 (selectivity ratio = 8.48) (F1,3 = 12.79, p = 0.034, R 2 = 0.75), then more than quadrupled 400 between 20 -25 m and 25 -30 m to the point where the proportion of bites targeting 401 Acropora was 43 times greater than its proportional cover (selectivity ratio; 43.3) ( Fig.  402 2g, Table 1 ). Selective feeding on Acropora by C. octofasciatus also increased linearly 403 with depth (F1,4 = 24.72, p = 0.007, R 2 = 0.83), but showed a different pattern to C. 404 baronessa: C. octofasciatus avoided feeding on Acropora colonies between 0 -10 m, 405 fed in proportion to availability at 10 -15 m, and selectively fed on them at depths > 406 15m (all depths; p < 0.001) (Fig. 2h) . 407 408
Compensatory mechanisms of energy acquisition 409 410
The total lipid content (energy availability) in Acropora coral tissue did not decline 411 with depth (z = -0.42, p = 0.67) (Fig. 3a) . However, there were indications of 412 compensatory energy acquisition in both Acropora (Fig. 3b ) and deeper resident fish 413 (Fig 3c) . Tissue from deeper Acropora colonies had lower bulk d 13 C values than 414 shallow-reef Acropora (t = 10.16, p = 0.001) (Fig. 3b) , as did the compound specific 415 d 13 C of essential amino acids within the Acropora tissues ( Fig. 3c ). Bulk d 15 N values 416
in Acropora correspondingly increased with depth (t = -12.52, p < 0.001) (Fig 3b) . 417
418
The d 13 C values of essential amino acids within C. baronessa muscle tissue were also 419 lower among deeper-reef residents (Fig 3c, Supplimental Table S3 ). CSIA-AA-based 420 mixing models of relative source end-member carbon contributions to C. baronessa 421 muscle tissue further supported differentiation in the dietary carbon pathways of 422 shallow-reef and deeper-reef butterflyfish populations (Fig 3d) . As expected, coral-423 fixed carbon was the dominant carbon source supporting C. baronessa overall (79 ± 424 13%). However, the relative contribution of coral-sourced carbon to the food web 425 supporting C. baronessa decreased by a 25% between depths (Shallow 90 ± 2% (SD); 426
Deep: 67 ± 5%). Concurrently, the relative contribution of water-column derived 427 planktonic carbon increased substantially among deeper-resident fish (Shallow: 7 ± 2%; 428
Deep: 27 ± 4%) (Fig. 3d) . In both populations, microbially-reprocessed detritus made 429 up a relatively small contribution of total carbon to C. baronessa (Deeper: 6 ± 1%; 430
Shallow: 3 ± 1%). The dietary strategies reported for C. baronessa and C. octofasciatus in shallow water 459 were largely consistent along the depth gradient. The specialist remained specialized, 460 while the generalist became more generalized with increasing depth. Unexpectedly, the 461 relative feeding effort (selectivity) targeting Acropora increased with depth for both 462 species. For the specialist, this is likely related to a continued reliance on Acropora, but 463 for the generalist may be related to competitive release of the preferred resource at 464 deeper depths, due to decreased abundance of the dominant C. baronessa (Blowes et Identifying the carbon sources supporting consumer production can aid understanding 482 or allow predictions of consumer responses to changes in environment and food web 483 structure. Not surprisingly, coral-fixed carbon sources dominated C. baronessa's 484 overall dietary makeup, according to both in-situ feeding observations and amino acid 485 isotope fingerprinting of muscle tissue. However, despite maintained specialization 486 within overt coral feeding behaviours, our results unexpectedly indicate that deeper C. 487 baronessa occupy a different nutritional niche than their shallow-water counterparts, 488 within tens of meters. Relative muscle-tissue carbon sources shifted from 90% to 67% 489 coral contributions within 30m depth and demonstrated a corresponding four-fold 490 increase in plankton sourced carbon at deeper depths. Cryptic supplemental feeding by 491
C. baronessa on non-coral hosts may therefore provide dietary compenstation at depth 492 and greater potential capacity to respond to coral loss than previously assumed. This is 493 surprising because C. baronessa is widley considered an obligate corallivore and 494 supplemental feeding on non-coral diets has not been observed previously (Pratchett et . It is not known whether similar processes 531 operate differentially within tens of meters of depth in Kimbe Bay. Therefore, we 532 cannot rule-out an additional role of depth-related variation in the nutritional-content 533 of heterotrophic food sources as a potential mechanism for the propossed increases in 534 heterotrophic carbon uptake. Both possibilities, however, suggest that multiple 535 mechanisms may act to buffer the marginality of deep reef habitats for specialist species 536 vulnerable to shallow-water habitat loss. 537
538
The results here suggest increased coral heterotrophy and/or substitute feeding on 539 plankton may additionally buffer 'coral-obligate' fish from depth-related declines in 540 the availability and hypothesized declines in nutritional quality of preferred corals. 541 Similar depth related nutiritional shifts are evident in the isotopic space occupied by 542 less coral associated and more generalist fish taxon and feeding guilds (Bradley et al. 543 2016 , Goldstein et al. 2017 ). Together, these data suggest significantly altered energy 544 pathways may be a key mechanism supporting a variety of consumers on deeper reefs. 545
546
Increasing vulnerability to anthropogenic impacts at range cores and consequential 547 range displacements, particularly among resource specialists, has increased the 548 necessity to assess ecological mechanisms that support potentially viabile spatial 549 refuges, many of which will occur at current range margins (Keppel et al. 2012 ). Our 550 data show variable and potentially multi-trophic functional responses can act to buffer 551 costs and bolster refuge potentials associated with dwelling at range peripheries (here, 552 deeper reef habitats), even among taxa with contrasting functional strategies. 553 554 Table S1 : The proportion of bites taken from each coral taxon within 5m depth bins along a gradient from 0 -30 m.
Supplemental Methods:
Lipid extraction protocol
Freeze dried coral tissue samples (see main methods), were weighed to the nearest 0.000g. 2ml of a dichloromethane : methanol (2:1) solvent was added to each sample and mixed for 10 minutes in a Sonicator. After cooling, the sample/solvent mix was filtered through solvent extracted cotton-stuffed, glass Pasteur pipettes using pressure from a hand bulb. An additional 1ml of dichloromethane : methanol solvent was passed through the filter to wash all of the lipid solvent solution into collection vials. 3.5ml of sample wash [KCl 0.44% in H20 
proxies for water column phytoplankton carbon. They did not use phytoplankton directly because the fast turnover rate of phytoplankton means that their isotope signatures are just a snapshot of the water column baseline signature. Instead, they analyzed zooplankton, which integrate dietary carbon signals over longer time scales more relevant to the turnover rates of butterflyfish. Furthermore, given that essential amino acids show virtually no isotope discrimination between diet and consumer (McMahon et al. 2010), the essential amino acid d 13 C values of pelagic copepods provided a faithful proxy for pelagic phytoplankton. As expected, the essential amino acid d 13 C fingerprints of these coral reef plankton aligned with the fingerprints of water column phytoplankton from the Larsen Together, these source end-member essential amino acid d 13 C fingerprints provide a robust data set to reconstruct the relative contribution of source end-members to coral and butterflyfish production. We focused our analyses on only essential amino acids (threonine, isoleucine, valine, leucine, and phenylalanine) for two reasons: 1) The essential amino acid d 13 C fingerprints represent the sum of the isotopic fractionations associated with individual biosynthetic pathways and associated branch points for each essential amino acid (Hayes 2001; Scott et al. 2006 ), generating phylogenetically diagnostic amino acid fingerprints of different source end-members (Larsen et al. 2009 (Larsen et al. , 2013 . Because essential amino acids have very long and complex biosynthetic pathways (typically >10 independent enzymatic steps), they provide the best potential for lineage-specific isotope effects (Lehninger 1975; Stephanopoulos et al. 1998) . 2) Essential amino acid d 13 C patterns of source end-members are preserved, essentially unchanged, across trophic transfers (14, McMahon et al. 2010 ). This is because, while plants, algae, and bacteria can synthesize essential amino acids de novo, metazoans have lost the necessary enzymatic capabilities and must acquire essential amino acids directly from their diet with minimal fractionation (Reeds 2000) .
In order to compare the essential amino acid fingerprints of our three source endmember groups collected from literature data to the corals and butterflyfish in this study, we examined essential amino acid d 13 C values that were normalized to the mean of all five essential AAs for each sample. As expected, there is strong experimental and field-based evidence that primary producer essential amino acid d 13 C fingerprints are faithful and robust across large environmental gradients in growing conditions and carbon sources that can affect bulk d 13 C values (Larsen et al. 2009 (Larsen et al. , 2013 (Larsen et al. , 2015 . This is because the underlying biochemical mechanisms generating unique internally normalized essential amino acid d 13 C fingerprints are driven by major evolutionary diversity in the central synthesis and metabolism of amino acids. For example, Larsen et al. (2013) examined the extent to which normalized essential amino acid d 13 C fingerprints were affected by environmental conditions by looking at seagrass (Posidonia oceanica) and giant kelp communities (Macrocystis pyrifera) across a variety of oceanographic and growth conditions (see Larsen et al. 2013 Table S1 for details). For both species, the range in bulk d 13 C values was five-to ten-times greater (2.6‰ and 5.2‰, respectively) than it was for normalized essential amino acids d 13 C (0.4‰ to 0.6‰, respectively). By normalizing the individual d 13 CEAA values to the mean, Larsen et al. (2013) showed that natural variability in d 13 C values of individual amino acids is effectively removed, creating diagnostic fingerprints that were independent of environmental conditions. Larsen et al. (2015) further confirmed this concept with the first directly controlled physiological studies of fidelity in normalized essential amino acid d 13 C fingerprints. This study grew the laboratory-cultured marine diatom, Thalassiosira weissflogii, under a wide range of conditions: light, salinity, temperature, and pH. This study showed that normalized essential amino acid d 13 C values remained unmodified despite very large changes in bulk and raw amino acid d 13 C values (>10‰), molar percent abundances of individual amino acids, and total cellular carbon to nitrogen ratios. Together, Larsen et al. (2013 Larsen et al. ( , 2015 provide strong evidence that normalized essential amino acid d 13 C fingerprints are diagnostic of the primary producer source rather than the myriad factors affecting bulk d 13 C values, such as carbon availability, growth conditions, and oceanographic conditions. As such, we are confident that the normalized essential amino acid d 13 C fingerprints of literature source end-members are robust, faithful proxies of the identity of major carbon sources relevant in this study, regardless of the exact location and growing conditions of the end-members. Table S2 . Mean (‰ ± SD) essential amino acid d 13 C values of three source end-members (n = 24 individuals for each source end-member) characteristic of potential carbon sources fueling coral and butterflyfish (Literature data from McMahon et al. 2016 ). Each essential amino acid d 13 C value was normalized to the mean of all essential amino acid d 13 C values within each individual to facilitate comparisons of amino acid "fingerprints" across systems and environmental conditions (sensu Larsen et al. 2015) .
Endmember
Threonine Isoleucine Valine Leucine Phenylalanine Plankton 10.0 ± 1.2 2.8 ± 0.8 -2.3 ± 1.0 -5.8 ± 0.6 -4.7 ± 0.6 Coral 11.7 ± 1.0 5.7 ± 1.2 -6.4 ± 0.6 -7.1 ± 1.1 -3.9 ± 1.3 Detritus 10.4 ± 1.2 -0.6 ± 0.7 -1.6 ± 0.7 -3.2 ± 0.9 -5.1 ± 0.8 Table S3 . Essential amino acid d 13 C values (‰) of individual Acropora spp. colonies (n = 6 colonies per depth) and individual Chaetodon baronessa (n = 5 individuals per depth) form 5m and 40m water depth in Kimbe Bay, Papua New Guinea. Each essential amino acid d 13 C value was normalized to the mean of all essential amino acid d 13 C values within each individual to facilitate comparisons of amino acid "fingerprints" across systems and environmental conditions (sensu Larsen et al. 2015) . Figure S1 : Plots of the effect sizes for pairwise comparisons of the proportion of bites taken from Acropora compared to each other targeted coral genus in 5 m depth bins between 0 m and 30 m for two obligate coral feeding butterflyfish species: (a) Chaetodon baronessa and (b) C. octofasciatus. Comparisons where the 95% confidence intervals do not cross 0, are indicative of significantly different feeding effort on each genus (α = 0.05).
Consumer
